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The Wnt and Notch signalling pathways represent two major
channels of communication used by animal cells to control their
identities and behaviour during development. A number of
reports indicate that their activities are closely intertwined
during embryonic development. Here, we review the evidence
for this relationship and suggest that Wnt and Notch (‘Wntch’)
signalling act as components of an integrated device that,
rather than defining the fate of a cell, determines the
probability that a cell will adopt that fate.
Introduction
The development of a multicellular organism requires the
coordination in space and time of three events: cellular proliferation,
the assignment of different fates to an ensemble of cells, and their
organization into tissues and organs. Here, we shall focus on the
second process, which is often referred to as ‘cell fate specification’,
and on its driving force, a combination of complex gene regulatory
networks (GRNs) (Davidson, 2006). These networks determine the
phenotype of individual cells by providing diverse patterns of gene
expression through the activity of intrinsic and extrinsic factors. The
intrinsic factors are the transcription factors that a cell expresses at
a given time that provide the coordinates that define a cell’s state
(Alon, 2006). The extrinsic factors principally comprise signals that
regulate and coordinate those states and the transitions that occur
between them in groups of, and in individual, cells. Understanding
the process of cell fate assignment requires us to describe the
integration of both intrinsic and extrinsic factors in GRNs, as well as
the mechanisms that underlie their precise and reproducible
operation (Davidson, 2006).
Multicellular organisms combine some intrinsic and extrinsic
factors into a sophisticated biochemical kit, the ‘signal transduction’
machinery, that establishes, develops and coordinates fates within
cell populations. The notion of signal transduction was introduced
by Rodbell to explain how extracellular signals affect cell behaviour
and was inspired by Cybernetics and Information Theory (reviewed
by Rodbell, 1995). Originally, the theory proposed the existence of
a signal, a transducer and an effector, together with an amplification
step associated with the transduction event (Fig. 1). This scheme has
provided a universal and useful framework for the analysis of
signalling molecules in plant and animals for the last 30 years.
Surprisingly, it never dealt with the issue of noise, fluctuations in the
transduction process that affect and corrupt the outcome of the
signalling event, which is central to Information Theory (Fig. 1).
Perhaps this is because, at the time, little was known about the
quantitative behaviour of signalling pathways, or, more likely, the
issue of noise was not a consideration in biological systems. Recent
detailed analysis of transcription in single-cell organisms has
revealed that noise is a significant variable in the operation of
transcriptional networks, and it has been suggested that it might play
an important role in development (Maamar et al., 2007; Suel et al.,
2006; Suel et al., 2007). Transcriptional networks are integrated into
the fabric of signal transduction, and putting noise back into this
scheme will lead to important considerations about their
organization and operation.
Work over the last 20 years has established that there are six major
and universal signal transduction devices in the cell (reviewed by
Martinez Arias and Stewart, 2002): Hedgehog (Hh), Bone
morphogenetic proteins (BMPs), Wnt (Wingless/Int1), Steroid
hormone receptor, Notch and Receptor tyrosine kinase (RTK). Each
of these pathways can be fitted into the signal transduction concept
introduced by Rodbell, with effectors represented by pathway-
dedicated transcription factors. Together, these pathways provide the
basic machinery for cell fate transitions and assignments that
underlie embryonic development. At present, signal transduction
pathways are deemed to act as parallel information-processing
channels that converge onto the enhancers of particular genes to
create cell type-specific combinations of transcription factors that
determine cells states and cell behaviour (Barolo and Posakony,
2002; Martinez Arias and Stewart, 2002). In this view, all pathways
have an equal weight and a similar function. There is some truth in
this view, which in model organisms, such as C. elegans and
Drosophila, has led to a good understanding of some aspects of cell
fate specification, e.g. muscle founders in the embryo (Carmena et
al., 1998; Halfon et al., 2000) and photoreceptors (Silver and Rebay,
2005; Voas and Rebay, 2004) in Drosophila, as well as the
specification of blastomeres in the eight-cell embryo of C. elegans
(Newman-Smith and Rothman, 1998; Platzer and Meinzer, 2004;
Rose and Kemphues, 1998). In these cases, a particular cell is
defined by the combined activity of transcription factors, with
precise spatial and temporal coordinates defined through the
iterative activities of GRNs. However, genetic analyses of how some
of these pathways affect the specification of cell types suggest that
other activities and interactions between elements of the pathways
also play an important role and remain to be explored (Brennan et
al., 1999a; Carmena et al., 2006; Strutt et al., 2002; Tomlinson and
Struhl, 2001). The nature and function of these interactions should
be an important focus of research.
Here, we look into how cross-regulatory interactions between
elements of different signalling pathways affect the process of cell
fate assignment. We do this in the context of Wnt signalling, and
review the increasing evidence that an intricate functional
relationship exists between Wnt and Notch signalling during the
assignment of cells to particular fates. The roots of our analysis lie
in the genetics of Drosophila and in our recent proposal that Wnt
signalling is involved in regulating the probability that a cell adopts
a particular fate during development (Martinez Arias and Hayward,
2006). We speculate that Notch signalling is intimately involved
with Wnt in this process and that the interaction of both pathways
results in greater accuracy and reliability of cell fate transitions, i.e.
they act together to filter the noise intrinsic to this process. Our view
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contrasts with a widely held one, whereby Wnt and Notch signalling
simply provide individual elements of the complex combinations of
signalling molecules and transcription factors that define the many
different cell types of an organism.
The ins and outs of Wnt signalling
Wnt proteins are secreted glycoproteins that elicit cellular responses
through their assembly of a membrane receptor complex that
includes the Frizzled and members of the Low density lipoprotein-
related receptor (LRP) protein families (Fig. 2). This complex
triggers a number of intracellular events that are represented by three
modalities: (1) -catenin-mediated Wnt signalling, dedicated to the
modulation of transcriptional activity and cell fates (Logan and
Nusse, 2004); (2) planar cell polarity (Seifert and Mlodzik, 2007;
Strutt and Strutt, 2005), which controls the activity of the
cytoskeleton; and (3) Ca+2-related signalling, which targets adhesion
and other processes (Kohn and Moon, 2005). Here, we will
concentrate on -catenin mediated signalling.
The effector of Wnt signalling in the nucleus is -catenin
(Tolwinski and Wieschaus, 2004a). This protein was first identified
as a linker between Cadherin and the cytoskeleton (Ozawa et al.,
1989), but genetic studies in Drosophila (McCrea et al., 1991) and
the analyses of colorectal tumours in humans and mice (Korinek et
al., 1997; Morin et al., 1997; Munemitsu et al., 1995) revealed that
a cytoplasmic pool of -catenin exists, the concentration, location
and activity of which are modulated by Wnt signalling. In the
absence of Wnt signalling, cytoplasmic -catenin is recruited to a
complex that assembles around the scaffolding protein Axin
(Behrens et al., 1998; Fagotto et al., 1999; Hart et al., 1998; Kishida
et al., 1999), where it is phosphorylated at its N-terminus by
Glycogen synthase 3 (GSK) (Ikeda et al., 1998) (see Fig. 2). N-
terminus phosphorylated -catenin is targeted for degradation via
the proteasome (Aberle et al., 1997; Jiang and Struhl, 1998;
Marikawa and Elinson, 1998), which keeps the concentration of this
cytoplasmic pool low. Upon Wnt signalling, a fraction of the soluble
pool is stabilised (Riggleman et al., 1990), probably modified, and
allowed to enter the nucleus (Tolwinski and Wieschaus, 2004a),
where it interacts with members of the TCF (T cell factor) family of
transcriptional regulators to modulate gene expression (Behrens et
al., 1996; Molenaar et al., 1996) (see Fig. 2). How the interaction of
Wnt with its receptors leads to -catenin stabilization is not
understood. As in other aspects of Wnt signalling, Dishevelled (Dsh
in Drosophila, Dvl in vertebrates) plays an important role, which, in
this case, is the modulation of the activity of the Axin-based
destruction complex (Fagotto et al., 1999; Kishida et al., 1999).
There is a good correlation between rises in the concentration of
‘soluble’ -catenin and its activity in the nucleus (Funayama et al.,
1995; Korinek et al., 1997; Pai et al., 1997), but there is also
evidence that the rise in -catenin concentration, per se, is not the
only factor that determines its activity (Brennan et al., 2004; Guger
and Gumbiner, 2000; Lawrence et al., 2001; Staal et al., 2002;
Tolwinski et al., 2003). In particular, increases in cytoplasmic -
catenin concentration do not result in Wnt signalling activity
(Brennan et al., 2004; Guger and Gumbiner, 2000; Staal et al., 2002).
Furthermore, genetic analysis in Drosophila has shown that Axin
has a second function in controlling the activity of Armadillo
(Drosophila -catenin) (Tolwinski et al., 2003; Tolwinski and
Wieschaus, 2004b), supporting the notion that the activity of -
catenin is regulated not only through changes to its cytoplasmic
concentration. Recent reports have implicated endocytosis and
membrane trafficking in the regulation of the Wnt signalling event
(Blitzer and Nusse, 2006; DasGupta et al., 2005; Marois et al., 2006;
Piddini et al., 2005; Rives et al., 2006; Seto and Bellen, 2006), but
much remains to be done to link this information into a coherent
argument as to how the Wnt signal is transferred to -catenin. The
number of elements and the complexity of their interactions suggest
that the formulation of kinetic models of the signalling event (Lee et
al., 2003) will provide novel insights into the mechanism that
underlies this process.
Beyond signalling: a function for Wnt
The lack of a detailed mechanism for Wnt signalling should not
deter us from tackling aspects of its function. The current picture of
Wnt/-catenin signalling offers two striking observations. First,
many of the elements of this pathway are used in other signalling
pathways or participate in a variety of cellular activities. For
example, -catenin has a well characterised function in cell-cell
adhesion (Ozawa et al., 1989); GSK3 and the various Casein
kinases that participate in the signalling event play multiple roles
in other signal transduction pathways and in cellular metabolism
(Doble and Woodgett, 2003; Harwood, 2001; Polakis, 2002; Price,
2006); and Adenomatous polyposis coli (APC) has a central role in
the biology of the cell through its interactions with microtubules
(Nathke, 2006; Polakis, 1997). In addition, the list of Dsh-
interacting proteins increases continuously and some of these
proteins are not easily linked to Wnt signalling, raising questions
about whether Dishevelled is a core element of the pathway or a
component of the basic biology of the cell that is used by Wnt
signalling (Malbon and Wang, 2006; Wallingford and Habas, 2005;
Wharton, 2003). In some ways, the multiple interactions and
functions of each of these components of Wnt signalling link the
signalling event to different processes, and thus place Wnt
signalling at the heart of an integrated protein network. Two
proteins that appear to escape these multifarious interactions are
Axin and TCF [with its associated proteins, Legless (Lgs) and
Pygopus (Pygo)], which seem to be dedicated to Wnt signalling
(Logan and Nusse, 2004).
The second striking feature of Wnt--catenin signalling is its
ability to cooperate with transcription factors and effectors of other
signalling pathways (reviewed by Martinez Arias and Hayward,
2006). In fact, it is often the case that the effects of Wnt become
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Fig. 1. Information and signal transduction. The term ‘signal
transduction’, as used in cell biology, initially arose as an analogy with
the transmission of information in telecommunications (Rodbell,
1995). In telecommunications, a channel is used to transduce
information from a source to a specific destination. A transmitter
places the information into the channel and a receiver picks it up and
delivers it to the destination. In biological systems, the signal is the
source, and the targets the destination. The signal transduction system
is the channel that is accessed through a receptor. The system’s
effector acts as the receiver and delivers the signal to the targets. In
telecommunications, noise is an inherent property of the transduction
process. Noise exists in the source and destination, but most
significantly in the channel, which has to pass the information
between the transmitter and the receiver. It is highly unlikely that
biological signal transduction is immune to noise.
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obvious only in the context of other transcriptional effectors, to the
point that its function appears to be to modulate their effects and
activities (Baylies et al., 1995; Collins and Treisman, 2000; Cox
and Baylies, 2005; Lowry et al., 2005; McGrew et al., 1997;
Megason and McMahon, 2002; Wan et al., 2000) (reviewed by
Martinez Arias and Hayward, 2006). This observation has led us to
suggest that rather than acting as an instructive process, Wnt
signalling acts in the stabilization of transcriptional events that are
initiated by other factors and mechanisms. In this view, cell fate
assignments might be divided into two separable steps: (1) an
inducing step, which sets up an unstable multidimensional
transcriptional state; and (2) the stabilization of this state, which is
separate and requires Wnt signalling. Elements of this proposal
have been drawn from an extrapolation of modern notions of
‘transcriptional noise’ to developmental systems, as well from
considerations of emerging information about variability of
expression at the level of single cells and single genes, in E. coli and
S. cerevisiae. Our hypothesis concludes that Wnt functions to
dampen fluctuations in gene expression over cell populations, that
is, it acts as a noise filter (Martinez Arias, 2003; Martinez Arias and
Hayward, 2006).
Wnt and other signalling pathways: Notch
In the light of the above observations, it is not surprising that Wnt
signalling exhibits interactions with other signalling pathways, such
as BMP, Hh and Ras/RTK (Hoppler and Moon, 1998; Janssen et al.,
2006; Nusse, 2003; Sansom et al., 2006; Wilson et al., 2001; Zorn et
al., 1999). Some of these interactions involve transcriptional
effectors (Edlund et al., 2005; Labbe et al., 2000; Nishita et al.,
2000), but others probably involve elements at different levels in the
transduction chain (Carmena et al., 2006; Jeon et al., 2007; Luo et
al., 2003). The consequences of many of these interactions remain
to be analysed. However, there is one pathway with which Wnt
signalling seems to have a recurrent and consistent interaction:
Notch signalling (Hurlbut et al., 2007; Martinez Arias and Hayward,
2006).
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Fig. 2. The spatial and functional organization of the core mechanism of Wnt/-catenin signalling. (A) In the absence of ligand, a
destruction complex assembles around the scaffolding protein Axin (see C for details), which binds and then labels -catenin for proteolysis via
phosphorylation of specific residues at its N-terminus. (B) Wnt binds to Frizzled (a) and triggers signalling by initiating a chain of events, which at a
biochemical level are not well characterized. At the cell surface, the Wnt-Frizzled complex forms a trimeric complex with LRP5/6 (Arrow in
Drosophila) and this triggers the activity of Dishevelled (Dsh), which promotes the association of the destruction complex with the LRP5/6-Frizzled
complex (b,c). A chain of events (detailed in C) leads to the LRP5/6-mediated degradation of Axin (d) and the release of -catenin from Axin (e).
Free hypophosphorylated -catenin can then enter the nucleus (f), where it nucleates a transcription modulator complex around TCF. (C) Structure
and function of the Axin-based destruction complex. In the absence of Wnt, the complex is assembled and can bind -catenin, which is then
phosphorylated by GSK3. Phosphorylated -catenin is targeted for ubiquitination and proteasomal degradation. In the presence of Wnt, the
destruction complex is recruited to the cell surface, where a series of phosphorylation events results in the degradation of Axin and the release of
-catenin. For further details, see text and published literature (Logan and Nusse, 2004; Tolwinski and Wieschaus, 2004b). APC, Adenomatous
polyposis coli; -TrCP, -transducin repeat-containing protein (also known as Ebi); CKI, Casein kinase; DSH, Dishevelled; CtBP, C-terminal-binding
protein; GSK3, Glycogen synthase kinase 3; Lgs, Legless; LRP, Low density lipoprotein receptor-related protein; Pol II, RNA polymerase II; PP2A,
Protein phosphatase 2A; TCF, T cell factor (also known as Pangolin); Ub, ubiquitination.
D
E
V
E
LO
P
M
E
N
T
414
Notch belongs to a family of single-transmembrane-domain
receptors that have an extracellular domain made up of EGF
(Epidermal growth factor)-like repeats and an intracellular domain,
the main structural feature of which is seven ANK (Ankyrin) repeats
(Ehebauer et al., 2005; Nam et al., 2003; Nam et al., 2006; Zweifel et
al., 2003). In contrast to the complexity of Wnt signalling, the
mechanism of Notch signalling is apparently simple: the intracellular
domain of Notch (NICD) acts as a membrane-bound transcription
factor (Kopan, 2002), which is released by an interaction between
Notch and its ligands, Delta and Serrate (Fig. 3). Free NICD
translocates into the nucleus, where it interacts with CSL {for CBF
in vertebrates, Suppressor of Hairless [Su(H)] in Drosophila and
LAG-1 in C. elegans}, to drive the transcription of target genes (Bray,
2006; Ehebauer et al., 2006; Le Borgne, 2006). Recent work indicates
that behind this basic biochemical mechanism, there is a certain
degree of complexity at the level of the cleavage event, which seems
to require endocytic trafficking or the localization of Notch to a
specific endocytic compartment (Jaekel and Klein, 2006; Moberg et
al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005) (reviewed
by Bray, 2006; Le Borgne, 2006).
Notch signalling was first identified in the context of lateral
inhibition during the development of the peripheral nervous
system (PNS) of insects (Simpson, 1990). During PNS
development, a group of ectodermal cells is endowed with the
potential to be neural, but only one or two cells within the group
adopt this fate and become a sensory organ precursor (SOP). In the
process, SOPs suppress the neural potential of the surrounding
cells through lateral inhibition mediated by Notch signalling
(Hartenstein and Posakony, 1990; Heitzler and Simpson, 1991).
Similar events have been described in the central nervous system
(Campos-Ortega and Hartenstein, 1997) and in the muscles
(Rushton et al., 1995) of Drosophila, as well as in the immune
system (Radtke et al., 2004; Radtke et al., 1999), intestine
(Crosnier et al., 2005; van Es et al., 2005; Zecchini et al., 2005)
and nervous system (Henrique et al., 1997; Lutolf et al., 2002) of
vertebrates.
In Drosophila, the initial event that sets up the SOP fate depends
on Wingless signalling (Couso et al., 1994; Phillips and Whittle,
1993) and is followed by lateral inhibition (Hartenstein and
Posakony, 1990; Heitzler and Simpson, 1991). This leads to a simple
and clear definition of the roles of Wnt and Notch, with Wnt
mediating prepatterning and Notch mediating the inhibitory process
(Martinez Arias, 2002). In this sequential and conditional
relationship, lateral inhibition requires prepatterning, already
suggesting that some sort of functional relationship exists between
the two signalling systems.
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Fig. 3. Structure and functional organization of Notch signalling. Notch and its ligands (members of the DSL family) are transmembrane
proteins. (A) In the absence of ligand, the full-length Notch protein is present at the cell surface as a heterodimer of the extracellular (ECN) and the
transmembrane-intracellular domains. (B) (a) Binding of a Notch ligand (Serrate/Jagged/Delta) to specific EGF-like repeats (blue) triggers (b) a
proteolytic cleavage, S2, in the extracellular juxtamembrane region (grey) of Notch by members of the ADAM tumour necrosis factor converting
enzyme (TACE) proteases. This event primes (c) a second ligand-independent cleavage, S3, within the transmembrane domain (purple) of Notch,
which is catalysed by the Presenilin–-secretase complex. As a result of S3 cleavage, (d) the intracellular domain of Notch (NICD) enters the nucleus,
where it (e) interacts with CSL, displaces co-repressors and through Mastermind (MAML) recruits co-activators to (f) promote the transcription of
target genes. For further details, see text and published literature (Bray, 2006; Ehebauer et al., 2006; Kopan, 2002; Le Borgne, 2006). ADAM, a
disintegrin and metalloprotease; CBP, CREB binding protein (also known as Crebbp); CSL, CBF/Suppressor of Hairless/LAG-1; DSL,
Delta/Serrate/LAG-2; ECN, Extracellular Notch; Pol II, RNA polymerase II; TACE, TNF-converting enzyme.
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Interactions between Notch and Wnt signalling
Interactions between Wnt and Notch signalling were first uncovered
in the context of the development and patterning of the wing of
Drosophila (Couso and Martinez Arias, 1994; Hing et al., 1994).
Loss-of-function mutations in wingless, the Drosophila orthologue
of Wnt1, and Notch synergise in a manner that indicates a close
functional relationship between the two pathways. Since then, a
detailed genetic analysis of wing development has provided
explanations for some, but not all, of the observed interactions
(Brennan et al., 1999b; Klein and Martinez Arias, 1999; Zecca and
Struhl, 2007). In this section, we review these results and their
interpretation and relate them to comparable situations in
vertebrates.
In Drosophila, Wingless and Notch signalling are used iteratively
to drive the development and patterning of the wing (Klein and
Martinez Arias, 1999; Zecca and Struhl, 2007) (Fig. 4). First, they
synergise in the establishment and initial growth of the wing
primordium (Couso and Martinez Arias, 1994; Klein and Martinez
Arias, 1998). Later, Notch signalling promotes wingless expression
at the future wing margin (Diaz-Benjumea and Cohen, 1995;
Neumann and Cohen, 1996). In turn, Wingless, after refining its
expression (Micchelli et al., 1997), promotes the expression of the
Notch ligands Delta and Serrate on either side of its expression
domain to create a positive-feedback loop that maintains Notch
signalling and Wingless expression and that patterns the wing
margin (Fig. 4) (de Celis and Bray, 1997; Klein and Martinez Arias,
1998; Micchelli et al., 1997). This sequence of events can account
for some of the genetic interactions that have been observed between
Notch and Wingless in Drosophila, in particular, the extreme
sensitivity of the wing margin to the dosage of Notch and wingless.
Since loss of one copy of Notch produces a wing phenotype, it is not
surprising that, given their close association during wing
development, alterations in wingless gene dosage also have dramatic
effects on wing development when they occur in a background of
compromised Notch signalling (Couso and Martinez Arias, 1994;
Langdon et al., 2006). In agreement with this, the haploinsufficient
phenotype of Notch is a particularly sensitive assay for identifying
proteins that interact genetically with Notch (Go and Artavanis-
Tsakonas, 1998; Hall et al., 2004; Mahoney et al., 2006; Verheyen
et al., 1996). So, the mutual enhancement of mutations in wingless
Wingless SenselessAchaete/Scute Achaete/Scute
N/Dl
lat. inhib.
Wingless
Delta/Serrate
Wingless
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GFE
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V
AP
Serwg Ser & Dl
B C D
Ser & Dl
Ser & Dl
Ser & Dl Wingless
Dl
Fig. 4. Functional networking of Wnt and Notch signalling during Drosophila wing development. During wing primordium patterning
and sensory organ precursor (SOP) specification, the Wingless and Notch pathways act in a dynamic signalling landscape that endows cells with
identity and orientation. The images to the left and right show wingless (wglacZ) expression in the epidermis of two wing discs at very early (left)
and mid-third (right) instar. The white line straddling the middle of the Wingless stain represents the primordium of the wing margin (wm).
Throughout the figure, ventral (V) is orientated down, dorsal (D) up, posterior (P) to the left and anterior (A) to the right. (A) Schematic of a wing
disc between the first and second larval instars. Wing development is initiated at the intersection of the AP and DV boundaries by the joint activity
of Notch and Wingless signalling. (B) During the transition from second to third instar, the DV boundary is established through the activity of
Notch signalling triggered, initially, by the asymmetrically localized Notch ligands Serrate (Ser, dorsal, yellow) and Delta (Dl, ventral, red) that lead
to the activation of wingless expression (blue) in a wide domain with a peak in the middle. This domain becomes progressively restricted to the
DV boundary through an autoinihibitory effect of Wingless on its own expression. (C) Serrate and Delta are targets of Notch signalling, and
Wingless signalling can contribute to this activation (arrows). As a result, a pattern emerges (D) of symmetric expression of Delta and Serrate
(orange) and of Wingless (Wg, blue) at the DV boundary. This combination of events (B-D) leads to the formation and definition of the DV
compartment boundary and its maintenance through a feedback loop in which Wingless maintains the expression of Serrate and Delta, which in
turn maintain the expression of Wg. (E-G) As the third instar develops, the peripheral nervous system emerges (E). At the wing margin, it appears
around the DV boundary within the domain of Delta and Serrate expression. In the second half of the third instar, high levels of Wingless
signalling (blue) lead to the expression of proneural genes, such as senseless and members of the Achaete/Scute family (pink in F), which promote
the appearance of SOPs (red in G). Notch-mediated lateral inhibition generates the spaced precursors that express high levels of AS-C and that
will develop into sensory organs.
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and Notch has a simple explanation in the GRNs that drive wing
development. Similar, mutually dependent interactions between
Notch and Wnt signalling have been observed in early germ layer
specification in the sea urchin (Angerer and Angerer, 2003; McClay
et al., 2000; Sherwood and McClay, 2001; Sweet et al., 2002) and in
vertebrates, for example, during the development of skin precursors
(Estrach et al., 2006), the patterning of the rhombomeres (Cheng et
al., 2004) and during somitogenesis (Aulehla and Herrmann, 2004;
Aulehla et al., 2003; Dequeant et al., 2006; Pourquie, 2003). In all
of these cases, Wnt signalling activates the expression of Notch
ligands. The recurrence of this regulatory relationship suggests that
it acts in a manner similar to a network motif – a defined set of
transcriptional interactions between two or more network elements
that are repeated or used in different developmental or physiological
contexts and that appear more often than they should in probabilistic
terms (Alon, 2006).
However, this is not the only way in which Wnt and Notch
signalling interact. Genetic analysis of pattern formation in
Drosophila has uncovered instances of interactions that cannot be
accounted for by the modular transcription network described above
(Brennan et al., 1997; Heitzler and Simpson, 1991; Langdon et al.,
2006). The most significant of these is associated with the Abruptex
(Ax) and Microchaete defective (Mcd) classes of Notch alleles
(Brennan et al., 1999c; Couso and Martinez Arias, 1994; Heitzler
and Simpson, 1993; Martinez Arias, 2002). The proteins encoded
by these mutants behave as gain-of-function Notch receptors
(Brennan et al., 1999c; de Celis and Bray, 2000; Heitzler and
Simpson, 1993; Ramain et al., 2001). These mutants enable Su(H)-
independent Notch activity in the PNS during the prepatterning
phase of development (Brennan et al., 1999c), but during lateral
inhibition and during wing patterning they provide a Su(H)-
dependent activity (de Celis and Bray, 2000; Heitzler and Simpson,
1993). Furthermore, the Ax and Mcd alleles synergise with loss-of-
function of wingless and their phenotype can be rescued, in part, by
gain-of-function Wingless signalling (Couso and Martinez Arias,
1994). These observations are not easily reconciled with the well-
described synergistic interactions that occur between loss-of-
function mutations in components of both pathways. They suggest
that Wingless and Notch signalling have an additional means of
interacting with each other; this time, in an antagonistic manner.
Although it could be argued that the interactions reflect targets that
are repressed by one pathway and antagonized by the other, this is
difficult to reconcile with the fact that often both modes of regulation
act on the same target at the same time, creating a conflict, most
significantly, with the allele-specific nature of these interactions.
The possibility that there is a level of interaction that bypasses the
transcriptional network is supported by epistasis analyses (Martinez
Arias and Stewart, 2002; Suzuki and Griffiths, 1976), which were
carried out on PNS and muscle precursor specification in Drosophila
(Brennan et al., 1999a; Brennan et al., 1999b) (Fig. 5). These studies
are grounded in the argument described above that Wingless
signalling establishes a prepattern by creating equivalence groups
through positional information, and that Notch signalling acts on
these groups to restrict the neural potential to one or two cells
through lateral inhibition (reviewed by Martinez Arias, 2002) (Fig.
5). Thus, the absence of Wingless leads to the absence of prepattern
and, therefore, to no PNS specification for Notch to act on. The
analysis of epistasis allows us to establish linear functional
relationships between two mutations. Therefore, in a double mutant
for Notch and wingless, the absence of Wingless should be dominant
over the absence of Notch: no prepattern, no need for lateral
inhibition. In this way, the phenotype of a Notch, wingless double
mutant should always be the same as that of wingless mutants alone.
However, this is not what is observed, and during the specification
of muscle founders in the Drosophila embryo, it is clear that a
certain component of the wingless mutant phenotype is due to Notch
(Brennan et al., 1999a; Carmena et al., 1998). Whereas loss of
Wingless signalling results in a loss of precursors and Notch mutants
exhibit more precursors, double mutant Notch, wingless embryos
exhibit some precursors, indicating that loss of Notch can rescue loss
of wingless (Brennan et al., 1999a). Similar relationships have been
observed in the specification of precursors of the adult nervous
system (Brennan et al., 1997; Heitzler and Simpson, 1991; Ramain
et al., 2001) and in the expression of a Wingless response element
from the Ubx gene in the visceral mesoderm of the embryo
(Lawrence et al., 2001). This last example is particularly revealing
as the experiments measured the activity of a transcriptional
response element that is only dependent on Wingless signalling. The
effects of Notch on this enhancer suggest that the reported effects
are on Wingless signalling and not on some peripheral activity.
These effects of Notch are independent of Su(H) (Brennan et al.,
1999c; Langdon et al., 2006; Lawrence et al., 2001). Although, as
indicated above, it is possible to invoke complex GRNs with
unknown elements to explain these observations, the simplest
explanation, and the one we favour, is that in addition to the
existence of a Wnt/Notch modular network, there is a function of
Notch that modulates Wnt signalling, which is mediated by a close
and constrained functional relationship between some of their
elements.
The uncovering of a second level of interaction between Wnt and
Notch signalling has relied on detailed genetic analyses, which
currently are not possible in vertebrates. However, it is of interest
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Wingless
Frizzled/Arrow
Dishevelled
AS-C
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Su(H)
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-cateninAxin Axin-catenin
Notch
? Deltex
Notch
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C  Notch lateral inhibitionB  Wingless-mediated
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A  Initiating signal(s)
Fig. 5. Integration of prepatterning and lateral inhibition
functions via Wnt and Notch signalling in Drosophila. In the
epidermis of the imaginal disc of Drosophila, a combination of history
and spatial patterning delimits clusters of cells (shown at the bottom)
that can undergo neural specification through the expression of
members of the Achaete-Scute complex (AS-C, blue). (A) AS-C
expression is promoted by Wingless signalling and is antagonized by
Notch (see text for details) in a manner that is independent of its
transcriptional effector, Suppressor of Hairless [Su(H)], but depends on
the activity of the ubiquitin ligase Deltex. (B) The binding of Wingless to
its receptor complex triggers the activation of Armadillo/-catenin and
the suppression of the antagonistic activity of Notch, probably via
Dishevelled. In consequence, all cells within the proneural cluster begin
to express members of the AS-C. (C) One cell in the cluster (darker blue)
begins to express higher levels of AS-C proteins than the other cells and,
as a consequence, takes the lead in the process of ‘lateral inhibition’, by
which Notch signalling via Delta leads to the generation of free NICD
and through Su(H) represses the expression of the AS-C genes.
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that in many instances of vertebrate development, Wnt and Notch
signalling are often associated with the differentiation of bipotential
precursors during the promotion of alternative fates (see Table 1).
This emphasises their antagonism, as low Wnt signalling tends to be
associated with high Notch signalling and vice versa. In other
instances, as during somitogenesis, in which Notch-driven
spatiotemporal cycles of gene expression are the central pattern
generator of the system (Aulehla and Herrmann, 2004; Aulehla et
al., 2003; Pourquie, 2003), it is possible to detect the regulatory
motif in which Delta expression is under the control of Wnt
signalling (Galceran et al., 2004). But there is also evidence for an
antagonistic interaction between Notch and Wnt signalling, which
is not easy to reconcile with the simple directional regulatory motif
(Aulehla and Herrmann, 2004; Aulehla et al., 2003; Dequeant et al.,
2006; Pourquie, 2003).
Altogether, these observations show that in addition to their
participation in common GRNs, Notch and Wnt signalling exhibit
interactions that might reflect not just a close functional relationship
between both pathways, but also a mechanistic interlocking of their
component elements in a manner that makes them part of the same
information-processing network.
Molecular interactions between components of
Wnt and Notch signalling
The molecular analysis of the Notch alleles that modulate
Wingless signalling in a Su(H)-independent manner in
Drosophila suggests that the structure and interactions of Notch
might provide clues as to how Notch and Wnt signalling
antagonise each other (Langdon et al., 2006). Thus, the Ax alleles
highlight a region of the extracellular domain of Notch that is
involved in the modulation of Delta/Serrate signalling (Lawrence
et al., 2000), but that also might interact with Wingless signalling,
perhaps directly (Brennan et al., 1999b; Hurlbut et al., 2007;
Wesley, 1999), although confirmation of this awaits further
investigation. The possibility that the intracellular domain of
Notch is functionally diverse is supported by the gain-of-function
Mcd alleles of Notch. These alleles contain deletions of a region
that lies C-terminal to the ANK repeats (Ramain et al., 2001) that
has been shown to bind Dsh (Axelrod et al., 1996; Ramain et al.,
2001), as well as GSK3 (Espinosa et al., 2003). However, these
interactions cannot explain the observed effects of Notch on Wnt
signalling as, at least in Drosophila, Notch can modulate Wnt
signalling independently of both of these proteins (Hayward et al.,
Table 1. Influence of Wntch signalling on cell fate decision
System (cell type) Mode Wnt signalling promotes
Notch signalling
promotes References
Intestine S r TA Intestinal stem cell TA cell (Radtke and Clevers, 2005;
Sancho et al., 2003; van Es
et al., 2005)
Intestine P r A, B Absorptive lineage Secretory lineage (Radtke and Clevers, 2005;
Sancho et al., 2003; van Es
et al., 2005)
Haematopoiesis (HSC) S r TA HSC Repopulating
haematopoietic
progenitor
(Duncan et al., 2005; Reya et
al., 2003; Varnum-Finney
et al., 2000; Willert et al.,
2003)
Haematopoiesis
(common lymphoid
precursor)
P r A, B Pro-B cell Pro-T cell (Han et al., 2002; Pui et al.,
1999; Radtke et al., 1999;
Reya et al., 2000)
CNS (neural stem cell) S r TA Neural stem cell TA cell (Hitoshi et al., 2004; Kubo et
al., 2005; Soen et al., 2006)
Mouse ES cell S r TA ES cell ? (Lowell et al., 2006; Sato et
al., 2004; Singla et al.,
2006; Takao et al., 2007)
Mouse ES cell P r A, B Endomesoderm Neuroectoderm (Androutsellis-Theotokis et
al., 2006; Aubert et al.,
2002; Haegele et al., 2003;
Lindsley et al., 2006;
Nemir et al., 2006)
Skin S r TA Follicular stem cell TA cell (Lowell et al., 2000; Lowry et
al., 2005; Zhu and Watt,
1999)
Liver (hepatoblast) P r A, B Hepatocyte Cholangiocyte (Hussain et al., 2004;
Lemaigre and Zaret, 2004;
Tanimizu and Miyajima,
2004)
Adipogenesis
(mesenchymal
precursor)
P r A, B Osteochondrocyte
precursor
Pre-adipocyte (Canalis et al., 2005; Garces
et al., 1997; Ross et al.,
2000)
Bone
(osteochondrocyte)
P r A, B Chondrocyte precursor Osteocyte precursor (Glass and Karsenty, 2006;
Glass and Karsenty, 2007;
Hardingham et al., 2006;
Hartmann, 2006;
Sciaudone et al., 2003)
The role of Notch and Wnt signalling is presented in the context of two modes of cell fate decisions. (1) Transient amplifying (TA) cell from a stem cell (SC). TA cells
have similar properties to stem cells, but have limited proliferative capacity and differentiate (S r TA). (2) Two different cell lineages differentiating from a bipotential
progenitor (P r A, B). HSC, haematopoietic stem cell; ES cell, embryonic stem cell.
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2005; Lawrence et al., 2001). Furthermore, the observation that
loss-of-function of Notch leads to increases in Wnt signalling
even in the absence of dsh (Lawrence et al., 2001), suggests that
the mechanism and targets of the interaction between Wnt and
Notch signalling lie downstream in the pathway. Studies in
Drosophila have identified that Armadillo, the Drosophila
homologue of -catenin, is likely to be the main target of Notch
in this interaction (Hayward et al., 2005).
Notch can suppress the activity of Armadillo/-catenin in a
Su(H)-independent manner (Hayward et al., 2006; Hayward et al.,
2005; Langdon et al., 2006). Moreover, in Drosophila, Notch can be
found in a complex with Armadillo/-catenin, and in some
experiments it has been shown to regulate its abundance (Hayward
et al., 2006; Hayward et al., 2005) (P. Sanders, PhD thesis,
University of Cambridge, UK, 2006). This has led to a model in
which Notch downregulates Wnt signalling by promoting the
degradation of Armadillo/-catenin (Hayward et al., 2005). Further
evidence for a functional involvement of Notch in the regulation of
Armadillo/-catenin is provided by the observation that complex
functional interactions exist between Axin and Notch (Hayward et
al., 2006). These suggest that Notch interacts, and perhaps works,
with Axin in a manner that is independent of the Axin-based
destruction complex. One particular feature of Notch is its ability to
modulate the active form of Armadillo/-catenin to reduce its
activity in transcriptional assays and in vivo, suggesting that Notch
might act in a parallel pathway that cooperates with Axin,
independent of the destruction complex (Hayward et al., 2006). This
activity of Notch does not require Su(H), appears to be mediated by
the full-length receptor and probably requires the domain
highlighted by the Mcd mutations.
Similar effects of Notch on the activity of -catenin have been
reported in vertebrate cells (Deregowski et al., 2006; Hayward et al.,
2005; Nicolas et al., 2003). Intriguingly, in these experiments, the
effects are mediated by the NICD; but this probably reflects the
experimental set-up more than the specific association of the effect
with the NICD. In fact, wherever tested (Hayward et al., 2006;
Hayward et al., 2005; Langdon et al., 2006), there is no correlation
between the ability of the NICD to activate CBF targets and its
ability to modulate the activity of -catenin. In some instances, this
modulation is associated with changes in the concentration of -
catenin (Deregowski et al., 2006; Nicolas et al., 2003). Furthermore,
when Notch1 is conditionally inactivated in mouse skin, basal
carcinomas develop in association with increased levels of activated
-catenin (Nicolas et al., 2003).
Altogether, these observations highlight that a structural and
functional interaction occurs between the NICD and -catenin.
Although it could be that the interaction is mediated by the NICD
through some complex GRN that involves intricate transcriptional
loops, we favour the possibility that the effects of the NICD simply
reflect the interaction between Notch and -catenin. The particular
mechanism and mediators of this interaction remain to be identified.
Experiments in Drosophila have implicated Deltex, a ubiquitin
ligase involved in the endocytosis of Notch, in the Notch-mediated
regulation of Wnt signalling (Ramain et al., 2001), indicating that
the trafficking apparatus is an important component of the
interaction.
Integrated Wnt/Notch (‘Wntch’) signalling and cell
fate decisions
We have argued that the main function of Wnt/-catenin
signalling is not to induce a specific cell state, but rather to
influence the probability that a cell adopts this state in a stable
manner (Martinez Arias, 2003; Martinez Arias and Hayward,
2006). As Wnt proteins are diffusible, they can coordinate this
probability over a cell population, and this activity could be an
important element of the pattern-forming machinery of an
organism. Notch signalling could have a similar role, but over a
shorter cellular range. This possibility is particularly suggested by
some recent observations concerning the role of Notch in the
differentiation of mouse embryonic stem (mES) cells
(Androutsellis-Theotokis et al., 2006; Lowell et al., 2006).
The self-renewal and differentiation of ES cells in standard
culture medium are governed by extracellular molecules. For
example, mES cells require LIF (leukemia inhibitory factor) and
BMP to maintain the pluripotent state; the withdrawal of both BMP
and LIF in the presence of fibroblast growth factor (FGF) promotes
neural differentiation (Ying et al., 2003). Although there is no
evidence that Notch is involved in the self-renewal of stem cells,
there is evidence that it has a role in their differentiation (Lowell et
al., 2006; Nemir et al., 2006). In particular, the study by Lowell et
al. shows that CBF-dependent Notch signalling plays a significant
role in determining the probability and effectiveness of neural
differentiation of mES cells (Lowell et al., 2006). Although the
NICD on its own has no effect on the stability of the stem cell state,
nor on the acquisition of neural fate, it increases the effectiveness of
FGF in mediating this transition (Lowell et al., 2006). In fact, in this
study, the authors conclude that “the ES cell data suggest a role of
Notch not as a primary inducer but as an amplifier that coordinates
uniform neural induction within a population, helping to both
synchronise the timing with which cells respond to inductive cues,
notably FGF, and to protect against non-neural differentiation in face
of fluctuations in self-renewal and differentiation signals”. This is
very similar to the role that has been proposed for Wnt signalling
(Martinez Arias and Hayward, 2006), and suggests that the close
association between the two pathways might translate to their
activities. Loss of Notch signalling in the presence of BMP promotes
the differentiation of mES cells into endomesoderm, a fate that is
also promoted by Wnt signalling (Boiani and Scholer, 2005; Sato et
al., 2004), and NICD can suppress this differentiation (Lowell et al.,
2006). On the basis of what we have summarized above, it is
plausible that some aspects of this effect are mediated by the
suppression of -catenin. In this context, it is interesting that neural
development of mES cells is antagonized by Wnt signalling (Aubert
et al., 2002; Haegele et al., 2003). Thus, it is possible to look at the
initial differentiation of a mES cell as a choice between two states,
either endomesodermal or neuroectodermal. Notch and Wnt
signalling would then act on alternative pathways to determine the
effectiveness of other signalling pathways that drive the specific
fates, with low Notch signalling favouring Wnt signalling and vice
versa. This relationship between Notch and Wnt signalling during
fate assignments in mES cells is likely to be related to their intricate
interactions during germ layer specification in chordates, where they
also are associated with exclusive lineage decisions of a binary
nature (Angerer and Angerer, 2003; Holland, 2002; McClay et al.,
2000; Sherwood and McClay, 2001; Sweet et al., 2002).
The association of Wnt and Notch with opposite sides of a binary
cell-fate decision can be extrapolated to many different systems (see
Fig. 6 and Table 1), hinting that this might be a general feature of
development: when a cell faces a binary cell-fate decision, Notch
and Wnt favour alternative fates through a blend of their multiple
levels of interaction (Fig. 7). The different cell fates are then
specified by other effectors and determinants. In this scheme, the
upregulation of one pathway in one lineage is as important as the
downregulation of the other in the alternative one. The
REVIEW Development 135 (3)
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downregulation events are important as there is evidence that, for
example, lowering Notch activity is an important element of Notch-
mediated cell fate assignment (Heitzler and Simpson, 1991) (Table
1). These relative reductions in activity might be promoted by the
action of one pathway on the other. Although, in some instances, this
regulation could be brought about through transcriptional networks,
there are additional effects that exist that are independent of
transcription.
The evidence that we have summarized here lead us to suggest
that Wnt and Notch signalling form an integrated molecular device,
which we choose to call ‘Wntch’, that is dedicated to the processing
of developmental information during cell fate decisions and that is
iteratively used during animal development.
Modules and systems during self-renewal and
differentiation
Several reports have suggested that a close association exists
between the activity of -catenin and the self-renewal of different
types of stem cells (Lowry et al., 2005; Reya et al., 2003; Sato et al.,
2004; Takao et al., 2007; Willert et al., 2003; Zhu and Watt, 1999).
As in other cell fate decisions, Wnt, and probably Notch, signalling
might be acting in this process in the context of other signals (Lowry
et al., 2005; Martinez Arias and Hayward, 2006). This observation
could be placed in the general scheme outlined above (see also Fig.
6), in which ‘stemness’ would only be one fate in a binary decision.
In the case of multipotent adult stem cells, the alternative fate is
provided by the ‘transit-amplifying’ (TA) cells, which define a non-
stem pre-differentiation compartment derived from the stem cell
compartment. Thus, the binary choice a stem cell faces is to self-
renew (maintain the stem fate) or to adopt the TA compartment fate.
If our proposal for Wntch is to hold true, one would expect the
function of Wnt signalling in the maintenance of stemness to
correlate with the involvement of Notch signalling in the TA
compartment. This appears to be the case in two well-studied cases:
the skin and the intestine of the mouse. In both instances, whereas
Wnt promotes the stem cell fate, Notch promotes the TA
compartment fate (Lowell et al., 2000; Lowry et al., 2005; van Es et
al., 2005; Zhu and Watt, 1999). The situation is similar in the
intestine, where this decision is the first in a chain of two sequential
decisions: from the TA state, cells face a binary decision to
differentiate into either a secretory or an absorptive/epithelial cell
lineage. These decisions also involve Wnt and Notch (Fig. 6)
(Sancho et al., 2003).
It might well be that the pattern of Notch and Wnt signalling that
we have described is a common feature of all self-renewal and
differentiation systems. This suggestion has three important
implications. First, that all stem cell systems have an associated TA
compartment, which might be a prerequisite for differentiation.
Different systems might have altered the connections and size of
the different compartments, but we suggest that the scheme outlined
in Fig. 6 is general. A corollary of this would explain why, in the
vertebrate nervous system, loss of Notch and Wnt signalling have
superficially similar effects in depleting the progenitor pool (Chenn
and Walsh, 2002; Henrique et al., 1997; Lutolf et al., 2002; Soen et
al., 2006; Tokunaga et al., 2004; Zechner et al., 2003), and yet, in
certain instances, Wnt signalling can rescue the loss of Notch
signalling (Kubo et al., 2005). Analyses of the different genes
expressed by precursors and progenitors have revealed differences
in the genes that are expressed in both situations, i.e. the genes
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TA cell
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WNT(N      ) Notch (      WNT)
Absorptive
lineage
Secretory
lineage
Fig. 6. Wnt and Notch signalling in binary cell-fate decisions.
(A) Pluri- or multipotent stem cell populations self-renew and
differentiate. In the case of multipotent cells, stem cells are rare, self-
renew infrequently and when they differentiate, they do so into an
amplifying cell population, often called a transit-amplifying (TA)
compartment. Ample evidence links Wnt signalling (red) to self-renewal
and Notch signalling (blue) to TA cell population maintenance (see text
and Table 1 for details). (B) A different mode of differentiation is
characteristic of progenitor cells that can differentiate into one of two
fates. Wnt and Notch signalling often act as permissive signals for
either of the alternative fates. Under appropriate differentiation
conditions, embryonic stem cells behave like progenitors and also have
a binary option between neuroectoderm and endomesoderm (see Table
1). (C) In the vertebrate intestine, Wnt signalling promotes a stem cell
fate, whereas Notch signalling is essential for the TA fate. TA cells can
then differentiate into either of two fates, absorptive and secretory, that
depend on Wnt or Notch signalling, respectively. It is possible that the
activity of one pathway involves the repression of the other (see also
Table 1).
WNT
signalling
β-catenin
Notch
signalling
CSL
DSL
Notch
Fig. 7. Wntch as a transistor for cell fate assignments. Interactions
between Wnt and Notch signalling occur at two levels, as indicated by
the two colours. A conserved functional network, in which -catenin
activity leads to the expression of the Notch DSL ligands, is observed in
many instances, suggesting that -catenin acts as an element of a
network motif (see text for details). Less often, Notch signalling can
lead to the activation of Wnt proteins and antagonists, and so can
modulate Wnt signalling (dashed line). This transcriptional circuit, or
elements of it, can be found in many developmental contexts. In
addition, studies in Drosophila have revealed that the two pathways
mutually antagonise each other at the level of signal transduction (blue
box). The two coloured boxes indicate the two modules that connect
the two systems interlocking them into a single functional unit.
Interestingly, the blue box has a much shorter time scale than the
yellow one, and therefore can influence it. As a whole, the system is a
unit that can be ‘plugged’ into different processes.
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expressed in the rescue are not Notch-dependent genes (Kubo et al.,
2005; Soen et al., 2006). This suggests that the rescue exerted by
Wnt signalling can be explained if Wnt acts on a pool of ‘stem
cells’, which in normal tissue is small and embedded in the
progenitors, most of which would be acting as elements of a TA
compartment similar to that of the skin or the intestine. In this
context, the Notch and Wnt signalling pathways (Duncan et al.,
2005; van Es et al., 2005) could produce synergistic and
simultaneous effects on both the stem cell and TA compartments.
A second consequence of our suggestion is that, as the role of both
Notch and Wnt signalling is to modulate the effectiveness of other
inputs, the effects of removing elements of either signalling system
might be very context dependent. Furthermore, a gain-of-function
in either pathway might have more significant effects than a loss-
of-function. Our proposal would explain why, in certain systems,
loss of Wnt or Notch signalling function has little effect on
particular processes (Cobas et al., 2004; Megason and McMahon,
2002; Nichols et al., 2004; Nicolas et al., 2003; Pan et al., 2004;
Radtke et al., 1999), whereas a gain-of-function can have a
powerful effect (Gat et al., 1998; Lowell et al., 2000; Reya et al.,
2003; Varnum-Finney et al., 2000; Willert et al., 2003; Zhu and
Watt, 1999). In the absence of the signalling event, the process still
happens, but inefficiently, and compensatory regulatory events
might disguise a phenotype that may only be visible through
quantitative and kinetic studies. Finally, the system will use the two
levels of interactions that exist (reciprocal activation through GRN
and cross-modulation) to different degrees, as required by particular
systems.
Conclusions: function of Wntch signalling
We have introduced the notion that Wnt and Notch signalling are
elements of an integrated control element of the cell that we have
called Wntch. To understand the potential significance of this
device, it might be helpful to revisit the origin of the notion of signal
transduction and its roots in Information Theory (Rodbell, 1995).
Although the notion is effective in providing a framework in which
to place chains of biochemical reactions, it does not consider the
nature of what is actually being transduced, nor the efficiency of the
transduction process. Issues of efficiency are important as there is
no engineering process that is completely effective, and several
levels of noise interfere with signalling events. Much of modern
engineering deals with this through coding; dedicated pieces of
hardware also exist in certain devices.
Noise is an intrinsic component of biological systems, and recent
findings, mostly in prokaryotes and yeast, indicate that noise is part
of the fabric of gene expression (Elowitz et al., 2002; Gregor et al.,
2007; Kaern et al., 2005; Raser and O’Shea, 2004). So far, this work
has revealed that there are two components to the overall noise of a
system: intrinsic (noise that is associated with the biochemistry of
the transcriptional machinery in a single cell) and extrinsic (noise
that results from cell-to-cell variation in transcriptional regulatory
components) (Raser and O’Shea, 2005). We would like to argue that
there is a third kind of noise that should be taken into consideration:
compound noise derived from single genes that have to operate
together. This noise might be important in the coordination of
multicellular systems during development (Martinez Arias and
Hayward, 2006). Although the structure of GRNs can contribute to
the control of this noise, we believe that Wnt signalling acts as a
molecular device that is dedicated to this task, a device that operates
during cell fate assignments via a functional module, Wntch, that
integrates Wnt and Notch signalling. This module acts as a more
effective noise filter than either signalling pathway could on its own
(Fig. 7). Thus, we surmise that these pathways do not function as
independent input signals in the traditional sense, but as a
mechanism that modulates the efficiency of other inputs.
The organization of Wntch, which we have begun to outline here,
probably reflects not only the interlocking of the two signalling
systems into one but also the need to maximize the efficiency of the
system. A noise-filtering device is not itself exempt from noise, and
the role of Wnt’s interactions with Notch within the device might
well be required to convert an otherwise unreliable functional
module into an effective one. Thus, Wntch might be acting in cell
fate assignments during development as a combined filter and
transistor, a device that has a pervasive role in engineering and that
can amplify signals and open or close circuits.
Our proposal tries to account for an increasing number of
reports that link Wnt and Notch signalling as key effectors of
various developmental events. Although it might be that some of
the interactions we have described occur through complex GRNs,
GRNS do not account for certain features of the loss-of-function
phenotypes and of the processes involved (as discussed above).
This notwithstanding, our proposal is a hypothesis that can be
tested by measuring the different levels of noise during cell fate
assignments in the presence and absence of Wntch, and then
comparing this with the effects of removing more-conventional
inputs into the system. At the very least, our proposal should
encourage a more quantitative and single-cell-focused analysis of
developmental processes, which might yield novel insights into
processes that we think we understand, but for which, at the
moment, we only have a description.
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